This paper details the complete evolution of a new cleaning chemical for heavy oil and gas pipelines. Information is offered regarding the reason for development, the research involved in formulation of the new product, as well as the laboratory testing. This paper concludes by giving several case histories of application in cleaning operations in Western United States and Texas.
Introduction

Pipeline Fouling Mechanisms and Typical Deposits
Pipelines often saddled with internal deposits that restrict flow of the transported media, necessitating shut downs and offline cleaning programs. Many types of solids are found adhered internally in pipelines due to a wide variety of sources.
The media throughput of a pipeline transports can be used to broadly characterize the type of deposits that are most commonly observed. This is a general rule only, linked with the fact that very few pipelines transport 100% of any single phase. For example, all oil export pipelines transport a small associated amount of water typically between 0.2 and 2.0% BS&W. This small amount of water can result in aqueous originated deposits even though by far the dominant phase in the pipeline is hydrocarbon based.
Typically, a pipeline that transports crude oil becomes fouled with organic scale. Oil naturally contains paraffins, asphaltenes, and naphthenates. During transport in a pipeline, these can precipitate and adhere to the walls of the pipeline 1 .
A pipeline that transports gaseous product may also form organic scale deposits from the condensed hydrocarbon matter. More complicated issues can arise from mercury (Hg), arsenic (As), zinc (Zn) or even lead (Pb) based scales. If any degree of moisture is present sweet or sour conditions can lead to sulfide scales 2 .
Pipelines that transport water commonly form corrosion deposits. Some examples are iron carbonate (FeCO 3 ), iron oxides, hydroxides and oxyhydroxides (FeO, Fe 2 O 3 , FeOOH) as well as the many different types of iron sulfide (e.g. FeS, FeS 2 ). Iron scales are oleophillic (preferentially oil wetting) and even low concentrations of hydrocarbons in the water can result in a mixture of iron scale and hydrocarbon scale 13 .
Multiphase fluid and gas pipelines see a combination of all the previous deposits described. These scales can be compositionally complex and have individual removal and mitigation methods.
In all pipelines, on-and offline pigging operations are normally performed to remove organic and inorganic debris. These scales can become compacted and adhere to the walls of the pipeline necessitating the addition of surfactant based chemicals to assist in the break-up, softening, and transportation of these deposits 3 .
Chemicals Used to Clean Pipelines
There is little direct information in open literature on the composition of commercially available pipeline cleaning chemicals that are used during chemically assisted pigging operations 4 . A review of generic oil degreaser and solid removal technology yielded five key parameters important to efficient chemical cleaning [5] [6] [7] . These parameters collectively enable the hydrocarbon and inorganic scale to be stabilized in the water or chemical phase.
The literature often refers to the term surfactant and is often used synonymously with surface active agent [8] [9] [10] . Surfactant is a general term and is not adequate enough to accurately describe the functionality of the pipeline cleaning chemicals presented here. Surfactant is a more modern term that generally takes the place of the term detergent when referring to wetters, solubilizers, emulsifiers, and other items defined below. Surfactants normally work to reduce attractive interactions between like particles and bring them to unlike surfaces. The five key parameters described below are all connected to the general description of surfactant but show the different types of surfactant properties required:
Wetting
Wetting is the action of a surfactant to reduce the surface tension of a solid or liquid. It is achieved by reducing molecular attraction and increasing the attraction towards an dissimilar surface. This is important when reconstituting dry powders, dry beads, or reagents in solid-phase devices if the speed and evenness of reconstitution is important. For pipeline cleaning, wetting agents aid the removal of hydrocarbon deposits from oil wet scales to allow access to inorganic components.
Solubilizers
Solubilizers are surfactants that can affect solubilization of an otherwise insoluble material. If a concentration of surfactant is high enough, micelle structures will form. Insoluble molecules are then incorporated into the micelles and brought into apparent solution. In pipeline cleaning, engineers are faced with the dilemma of having to recombine hydrocarbon and water.
Emulsification
Emulsification is the property of surfactants to form a stable emulsion of two or more immiscible liquids. This is similar to micellular solubilization but the resultant solubilizing particles are much bigger. In pipeline operations, it is necessary to emulsify the hydrocarbon and solids that are removed to prevent redeposition further downstream after removal.
Dispersion
Dispersion is an important property of surfactants that keeps insoluble particles in suspension. Surfactants prevent insoluble particles from aggregating with each other. The smaller the particles, the more stable the dispersion formed. Like emulsification, this prevents redeposition of solid particles (e.g. wax, sand and scale) by maintaining them in suspension.
Detergency
Detergency is the ability of a surfactant to remove particles from a surface -albeit this is a narrow definition. In pipeline cleaning, it is desirable to release hydrocarbons from the pipe wall and solid particles upon wetting to prevent build-up and rapid release. The detergency component of a pipeline cleaning chemical is essential to mobilize the hydrocarbon phase after wetting to lift it from the pipeline wall.
Although not integral to the functionality of cleaning, it is common practice to add an antifoam chemical to pipeline cleaning product. Surfactants tend to display high foaming tendency when severely agitated. This can result in excessive foam formation when pigging pipelines, treating water injection systems, or in the blending of the cleaning formulation. Often glycol chemicals or specialist antifoams are incorporated into the blend in order to bring this foaming under control.
Combining all these functionalities into a single product requires a complex blend of five to seven chemical components. The result is a much more purpose driven product that assists the pigging operation. Surfactant components give good wetting, solvency, and detergency characteristics to free solids from the walls of the pipeline more effectively than pigging alone. Surface active components in the formulation provide emulsification and dispersion characteristics that keep the insoluble deposits and multiphase liquids as a single entity. This enables far more efficient transport of the slurry resulting in less secondary precipitation.
Using simple organic solvents for general pipeline cleaning is not as efficient as using specialty combined functionality formulations as solvent efficacy comes from pure hydrocarbon (paraffins, asphaltenes) dissolution. Base solvents do not provide the means to effectively transport the mixed composition slurries that result from dissolution of organic components and secondary deposition can result. Furthermore, they often display incompatibility with pig bodies or components due to their aggressive solvency, e.g. toluene and xylene.
Experimental
Laboratory Development and Testing
A solid (pig trash) sample was obtained from a pigging operation on a West Texas pipeline and used throughout testing to determine cleaning and surfactancy efficacy. This work details the identification and characterization of the samples followed by tests to determine how these solids reacted with several specialty pipeline cleaning chemicals in compared to standard organic solvents.
The specialty pipeline cleaning formulations all contained the same highly concentrated base surfactant cleaning package. They differed from one another with some minor components in terms of odor control additives and chelating agents. Xylene, methanol, toluene and glacial acetic acid were included as solvents to benchmark these specialty formulations.
The unusual challenge set during the testing protocols required an evaluation of the arsine (AsH 3 ) gas and hydrogen sulfide (H 2 S) gas evolved during testing. The evolution of these toxic gases during pipeline cleaning has been documented in the literature 11 . Pipeline cleaning chemicals can evolve high concentrations of these gases especially when the pH of a product is low. This poses a significant health hazard thus any chemical treatment needs address this issue while still maintaining high efficiency at removing deposits within the pipeline to assist mechanical pig removal.
Sample Identification
The sample was a dark brown to black color with a strong sulfurous odor. There was a high organic content (50%) determined through weight loss after ignition. The sample of pipeline solids was analyzed via energy dispersive x-ray analysis (EDX) to quantify the inorganic elemental composition. The EDX spectrum has been plotted in Figure 1 along with a quantification of the elemental compositions in Table 1 . Inorganics consisted of predominantly iron sulfide scale with a very high phosphorus content (associated with arsenic). Sodium and silica were also present indicating minor presence of sand, silt or clay minerals and residual salt. The sample showed evidence of arsenic content and the propensity to emit arsine gas. Iron sulfide dominance can lead to evolution of H 2 S gas. The relatively high organic content of some of the sample was to be expected due to the high iron sulfide content. In removing the hydrocarbons (oil, grease, wax, and resins) a significant amount of solids could be chemically and mechanically mobilized from the pipeline.
Pipeline Cleaning Efficacy Tests
These tests were designed to determine how effectively the various formulations and solvents dissolved and dispersed the solid pig trash samples. A range of solvents were ranked with a standard rolled ball solvency test 12 . This test was designed to determine how effectively the chemicals dispersed the solid pipeline solids. Equal pea sized balls of paraffin were constructed, weighed then placed into the test vessels with equal volumes of the test chemicals. Visual observations were made over 12 hours to determine dispersion and post-test analysis of the appearance was made. After the test, the remaining solid samples had the solvent extracted and were reweighed to determine solubility. Observations on their appearance and form were also documented.
A list of the chemicals tested has been given below:
Xylene Methanol Toluene Specialty formulation 1 -water soluble / oil miscible Specialty formulation 2 -water soluble / oil miscible with chelant Specialty formulation 3 -oil soluble / water miscible with odor control Specialty formulation 4 -oil soluble / water miscible with odor control and chelant Glacial acetic acid 1% Glacial acetic acid 25%
Pictures were taken of the tests after 1 hour and 12 hours contact time and can be found in Figures 2 and 3 respectively. Figure 4 shows the form of the rolled ball after being removed from the test jar. It can be seen that the organic content of the scale was very efficiently removed using a 50% dilution in water of specialty formulation 2 and a 50% dilution of specialty formulation 3, with the highest performance being that of the specialty formulation 3 dilution. The initial hard solid ball of deposit was broken down into a soft slurry composed of fine and discretely granular particles. The organic content had been largely dissolved and the slurry easily flowed suggesting good transportability. Weight loss indicated that all the specialty product had similar dissolution properties and that this was comparable to methanol. Toluene and xylene displayed no dissolution efficacy at all.
Arsine and hydrogen sulfide gas generation
The final stage of test work involved evaluating the AsH 3 and H 2 S gas evolution from the scale sample using the best performing product (specialty formulation 3). This was tested alongside a 1% and 25% acetic acid solution. The pipeline scale sample was immersed in the test solutions and left for 2 hours. After this time the evolved gas was analyzed for AsH 3 and H 2 S as well as residual arsenic measurements from the aqueous phase. The results have been plotted in Table 2 .
Arsine and hydrogen sulfide gas concentrations were determined using Kitigawa gas tubes. It can be seen that the more acidic the solutions, the more AsH 3 and H 2 S were generated. As expected, more residual aqueous arsenic was left in the residual test fluids. The gas evolved from dissolution of the pipeline scale sample totally saturated both the AsH 3 and H 2 S detection tubes when using the acidic fluids. Actual gas concentrations are likely to be much greater than values stated. Clearly the high phosphorus, and inferred arsenic, detected during the solids characterization was evolved in gaseous form when using acidic fluids. This accounted for the field observations seen when using an acidic cleaning chemical. Of note is that at no point was significant H 2 S or AsH 3 gas evolved when using the neutral pH specialty formulation 3 at a 50% dilution in water. Furthermore, the aqueous arsenic tests supported the gaseous measurements as the acidic chemicals yielded arsenic indicating dissolution, not dispersion, was occurring in the tests.
Hydrocarbon solvency tests
Rudimentary testing was performed to gauge the ability of specialty formulation 1, although the same behavior was exhibited by all the specialty formulations to transport hydrocarbon phase through dissolution, emulsification and dispersion.
Specialty formulation 1 was diluted in potable water to activities of 50%, 25%, 15%, 10%, 5%, and 1% (neat product and pure potable water were also tested). A photograph has been included in Figure 5 .
In order to determine cleaning efficacy of the products, 10 parts of the various specialty formulation 1 dilutions were added to 1 part crude oil (30° API) as a worst case test for grease encountered in the pipeline. The photograph in Figure 6 shows the results of this experiment. The criteria for success was the dispersion and detergency efficacy of the blends. Dispersion is an important property of surfactants which enables them to keep insoluble components (i.e. oil in water) in suspension and mobile. Detergency is the ability of the surfactant to remove oil particles from a surface. It can be seen that at concentration of 10 to 15% specialty formulation 1 resulted in a single phase and all the crude oil being removed from the surface of the test vessel. These tests are likely to be far worse in terms of oil, grease, and benzene presence than the real case. From this work it was recommended that a single wash of 10% of the various specialty formulations would be a suitable field dose rate.
Case histories
Case History 1
Working in partnership with the Integrity Service Division of a local pipeline pigging company, specialty formulation 1 was deployed to clean a natural gas transport pipeline.
The pipeline operator had previously tried to clean the 12", 9-mile section of an East Texas pipeline with a series of brush and seal pigs. One of the pigs became lodged in the pipeline and could not be removed. This resulted in minimal fluid flow.
The decision was made to use a chemically assisted treatment in an attempt to dislodge the stuck pig.
The pipeline ran north to south and the first stage of the remedial treatment was pumped from the northern end at a junction. A total of 168 gallons (4 bbl) of chemical was pumped neat followed by 1,680 gallons (40 bbl) of clean water -giving a total treatment concentration of 10%. The product was pushed with a pig to the location where the other pig was lodged in the pipeline. The stuck pig was moved to the south then the flow was reversed and both pigs arrived in the northern junction injection point. The water from the line contained large amounts of iron and hydrocarbons. When the two pigs arrived at the trap, a large amount of solids were present ( Figure 7 ). A solid sample was obtained for deposit analysis.
The second stage of the treatment was a 6% concentration treatment consisting of 250 gallons (6 bbl) of chemical pumped in neat followed by 5,040 gallons (120 bbl) of clean water into the southern end of the pipeline. A pig pushed the product the entire 9 mile length of the line to northern trap. The water from the line contained large amounts of solids and hydrocarbons and arrival of the pig brought even more solids. A further sample was obtained for a deposit analysis.
Both pig trash samples were analyzed via energy dispersive x-ray analysis (EDX) to quantify the elemental compositions of the ash residuals. Summaries of the EDX spectra have been plotted in Figure 8 and a summary of the quantified compositions in Table 3 . Both analyses showed a dominance of iron sulfide with 25 to 35% organic material determined through weight loss after ignition.
The following observations and conclusions can be drawn from this process:
• Significant soluble hydrocarbons were dissolved and removed.
• Removal of the hydrocarbons resulted in solids mobilization. Iron sulfide scale is very oil wet and can often be combined with 25wt% or greater organic material, therefore successfully removing the oil, grease, and wax will help to mobilize the iron scale 13 .
Case History 2
A Gulf Coast pipeline operating company required an oil soluble product with odor control to chemically clean three gas pipelines in South Louisiana. The parallel pipelines are comprised a 24" line and two 30" lines 64 miles long. All the lines had been in service for 32 years and had not undergone an aggressive offline chemically assisted pigging operation. A cleaning program was required prior to an intelligent pigging run with cleanliness and cleaning efficacy at the highest priority.
The cleaning chemical was required to be first dissolved in an aromatic solvent (Aromatic 140) matrix and then pumped into the pipelines in advance of the pig. For each of the three pipelines a 500 gallon (11.9 bbl) slug of non-aqueous cleaning mixture was used. This was 90% aromatic 140 solvent and 10% specialty formulation 3. The chemical and solvent slug were pushed along the entire length of the pipelines with a series of brush pigs at 10 -12 mph.
Results were unexpected as a significant amount of oil, grease and solids were removed from the system. The use of specialty formulation 3 to assist with cleaning the pipelines ensured success of the intelligent pig run and maximized value to the overall operation.
A sample of the pig trash was captured from the trap and analyzed using a combination of weight loss, EDX and x-ray diffraction (XRD). Figure 9 shows a photograph of the pig trash as it appeared in the trap. The results of the thermal weight loss showed the sample to be 55.4 % organic and 44.6% inorganic. No further analysis was performed on the organic portion but the appearance suggested largely heavy end hydrocarbons such as paraffins and asphaltenes.
The XRD analysis has been summarized in Table 4 . The inorganic portion was poorly crystalline and gave very few diffraction peaks. The presence of magnetite was significant as it is a common corrosion deposit. EDX analysis complimented the XRD data. The spectrum and quantitative inorganic composition has been summarized in Figure 10 and Table 5 . It can be observed from the EDX results that the inorganic portion was largely composed of iron and oxygen suggesting iron oxide deposits. As well as magnetite (identified by XRD), there could also be other iron oxides (FeO, Fe 2 O 3 ) and iron oxy-hydroxides (FeOOH) present. Other detected minor elements included silicon, sulfur, and manganese. The presence of silicon indicated some siliceous material either in the form of sand, silt or clay minerals. The presence of sulfur suggested iron sulfide made up a portion of the iron minerals present. Traces of manganese supported a corrosion origin for the solids as the iron to manganese ratio was congruent to a carbon steel source.
Both arsenic and mercury were detected in an acid digestion of the sample followed by inductively coupled plasma mass spectrometry (ICP-MS). This has been summarized in Table 6 and showed the pig trash had the potential to generate arsine gas.
Case History 3
The third case history concerns an offshore in-field pipeline off the US West Coast. This was a 10" ID carbon steel pipeline 9,330 feet in length. It was originally installed with a 14 mil thermoset epoxy coating. The pipeline had been mothballed for several years.
Prior to recommissioning, there was a legislative requirement to determine the integrity of the pipeline and its ability to safely transport multiphase production of 3,000 BOPD (14° API) and 5,000 BWPD.
There were known deposits in the pipeline as determined through intelligent pigging prior to mothballing. Thus the pigging campaign needed to be aggressive.
The pre-intelligent pigging campaign was applied in three stages. A preflush used 300 gallons (14.3 bbl) of specialty formulation 1 injected neat, followed by 5,400 gallons (128.6 bbl) of treated seawater. There were then two cleaning runs; the first used 3,000 gallons (71.4 bbl) of aromatic 100 solvent, followed by 1,000 (23.8 bbl) gallons of specialty formulation 1 injected neat, followed by 9,000 gallons (214.3 bbl) of treated seawater. The third, and most aggressive stage, used 1,000 gallons (23.8 bbl) of aromatic 100 solvent followed by 2,500 gallons (59.5 bbl) of neat specialty formulation 1 followed by 22,500 gallons (535.7 bbl) of treated seawater.
These treatments were not initially designed to be as aggressive as the one ultimately applied. The amendment in the treatment occurred in response to observations during the campaign. Massive deposits were removed during the preflush and during the first cleaning run the entire 30 foot trap was filled with trash. A further 20 foot of material had to be removed before the pig could be retrieved. Following the final cleaning stage, smaller volumes of trash were recovered. Had chemical cleaning not been performed before running the intelligent pig, the overall operation would have been far less efficient.
Cleaning ensured maximum efficacy of data gathering during the intelligent pig run. Photographs of a typical pig after removal from the pipeline can be seen in Figure 12 along with a photo of the intelligent pig after it had completed its run in Figure 13 .
Conclusions
From the experimentation, the following conclusions can be drawn:
• Specialty engineered chemical pipeline cleaning chemicals display higher efficacy than commodity based solvent systems.
• The best pipeline cleaning chemicals address the following five key parameters: wetting, solubilization, emulsification, dispersion and detergency.
• Laboratory evaluation of previous pig trash samples allow a more tailored solution and overall more effective chemical cleaning of the pipeline.
The lessons learned from the case histories are:
• The specialty pipeline cleaning chemicals showed high efficacy of treatment.
• Solids removal was more efficient than previous treatments that used online cleaning pigs only.
• The generation of arsine and hydrogen sulfide gas can be controlled using the specialty cleaning formulations.
• Specialty formulations are recommended for use in any offline cleaning application and have particular applicability when intelligent pigging campaigns are run in order to prepare the pipeline surface. 
